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Abstract

Increased alveolar surface tension due to surfactant deficiency
is thought to result in a negative pressure surrounding pulmonary
capillaries and to promote fluid filtration. To test this hypothesis,
alveolar liquid pressure (Pyqua) Was measured by micropuncture
in isolated lungs of mature and immature fetal rabbits (with and
without surfactant replacement) at different air inflation pres-
sures (Pyirway). Lung maturity was assessed by air pressure-vol-
ume (P-V) curves. Pyg.q Was correlated with surfactant content
in the lungs and with alveolar size. Py Was lower in immature
(2.3+0.7 cmH,0) than in mature (8.4+1.0 cmH,0) lungs at
comparable Py (25 cmH,0) (P < 0.01). The mean linear
intercept, a measure of airspace dimensions was similar in all
lungs (42.1+2.0 um), but alveolar wash phospholipid/g wet lung
was lower in immature than in mature lungs (0.05+0.01 vs.
0.49+0.30 mg) (P < 0.01). Surfactant replacement iii immature
lungs resulted in P-V curves and Py, similar to those of mature
lungs. If pericapillary interstitial liquid pressure approximates
Piiquia, surfactant deficiency will predispose preterm infants to
pulmonary edema.

Introduction

Insufficient surfactant predisposes preterm infants to the devel-
opment of hyaline membrane disease (1, 2), which is invariably
accompdnied by pulmonary edema (3). An increased extravas-
cular lung water content in immature infants with surfactant
deficiency (3) as well as in immature primates (4) and lambs (5)
supports the experimental evidence that increased surface tension
within the lungs promotes pulmonary edema (6, 7).

Lung fluid balance is described by the Starling equation in

which pericapillary interstitial liquid pressure is one of the prin- -

cipal forces governing fluid filtration. Pericapillary interstitial
liquid pressure is thought to be in equilibrium with the liquid
pressure in the subphase of the alveolar liquid lining (8, 9). Ac-
cording to the Young-Laplace equation, the liquid pressure in
the alveolar subphase is affected by the surface tension of the
alveolar liquid lining and the radius of curvature of the alveolar
air liquid interface. If alveolar surface tension is very low, the
pressure in the alveolar liquid lining is close to that of alveolar
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gas pressure. Increased alveolar surface tension would result in
a significant pressure drop across the alveolar air liquid interface
leading to a negative pressure surrounding the alveolar wall cap-
illary. This would increase the hydrostatic pressure gradient for
fluid filtration. Pattle (10) and Clements (8) first suggested that
one of the important functions of surfactant in the alveolar lining
layer is to keep the surface tension of the curved alveolar wall
low and thus reduce the forces that would tend to pull liquid
out of the capillaries irito the interstitium and the alveolar lumen.
To date, the experimental evidence for a more negative peri-
capillary interstitial liquid pressure due to surfactant deficiency
has been either indirect (6, 11, 12) or has been obtained in adult
lungs that were subjected to manipulations such as cooling or
rinsing with detergents to cause an increased static recoil, without
quantification of the amount of surfactant in the lungs (6, 7).
To obtain direct evidence of a more negative pericapillary in-
terstitial liquid pressure in immature lungs with surfactant de-
ficiency, alveolar liquid pressure was measureéd by micrepunc-
ture in excised air inflated lungs of mature and immature fetal
rabbits at different air inflation pressures. The measured pressure
drop across the alveolar air-liquid interface correlated with the
pressure volume behavior of the lung, and the amount of sur-
factant recovered from the lung; mean alveolar size being con-
stant in all lungs.

Methods

General. 90 fetuses from 38 time dated (within 12 h) pregnant New
Zealand White rabbits were studied on either 27, 28, or 31 d of gestation
(day of coniception, day 0). Normal gestation for this species is 31 d. The
does were given a lethal dose of sodium pentobarbital, the pregnant
uterus removed arid placed on ice. When the fetuses were dead they
were delivered, weighed, and the trachea exposed for insertion of a catheter
(dead space 0.1 ml). When the trachea was incised, pulmonary fluid
flowed out. The lungs, with the left chest wall, were dissected free from
the rest of the body, and placed in a small Plexiglas container 4 X 5 cm,
with the chest wall situated inferiorly. Throughout, care was taken not
to touch the liung surfaces. A 2% agar solution at 40°C was poured into
the container so that the chest wall but not the lungs was covered. This
agar gel held the chest wall and lungs in place. All measurements were
obtained at room temperature, 21-23°C. In all the lungs, lung compliance
measurements (air pressure-volume curves, P-V)' were obtained first,
and based on these measurements the lungs were categorized as being
mature or immature. Thus after lung compliance measurements 28-d
fetuses were categorized as 28 d immature, and 28 d mature. All 31 d
lungs were mature and all 27 d lungs were immature.

Experimental protocol. (a) 30 fetuses were used for measurement of
lung water content; 9 fetuses at 31, 13 at 28 d (7 mature and 6 immature)
and 8 at 27 d gestation. (b) 30 fetuses (matched littermates of the fetuses
in (a) were used for measurement of alveolar liquid pressure (Pyquia) and
alveolar wash lipid content. (¢) 12 fetuses, 3 at 31 d, 6 at 28 d (3 mature

1. Abbreviations used in this paper: Pyiryay, airway pressure; Piqug, alveolar
liquid pressure; P-V, pressure volume.
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and 3 immature) and 3 at 27 d gestation were used for lung morphometric
measurements. (d) 12 fetuses at 27 d gestation were used to study the
effect of surfactant replacement on Pyq4. Six fetuses received surfactant
replacement and six littermates served as controls. After Pyq,iq measure-
ments were obtained, four surfactarnt treated lungs were fixed for mor-
phometric measurements. (¢) Six fetuses at 27 d gestation were used to
confirm the continuity of alveolar and airway gas, at the different airway
pressures. After initial lung compliance measuremerits, the lungs were
inflated and deflated in a stepwise manner from 5 to 25 cmH,0 airway
pressure, using an underwater T tube and an overflow gas system, attached
to a manometer. At each airway pressure, alveolar gas pressure was di-
rectly measured by puncturing surface air-filled alveoli with a 26-gauge
needle, mounted on a micromanipulator and attached to a second ma-
nometer.

Lung compliance. P-V curves were obtained in all lungs, using a
modification of the method described by Enhorning et al. (13). An initial
P-V curve was obtained by successively raising pressures from 0 to 35
c¢cmH,0, in 5-cmH,0 increments and then lowering the pressure to 0
cmH,0 in a similar manner. At each level, pressure was maintained for
15 s at the end of which the volume of air entering the lungs was noted.
Correction was made for the volume of compression at each inflation
pressure (13). After this, the lungs were inflated to 35 cmH,0, and held
at this pressure for 5 s and then deflated to 0 cmH,O for 5 s. This cycle
was repeated rhythmically for a period of 5 min to simulate a period of
breathing. As lung inflation and air breathing leads to release of surfactant
from type II cells into the air spaces (14, 15), I allowed for the release of
surfactant prior to alveolar liquid pressure measurements. P-V curves
were obtained again, with a maximum inflation pressure of 25 cmH,0.
At each pressure, I waited at least 5 min to allow for stress recovery. The
P-V measurements were repeated after removing all the air from the
lungs (five to eight times), until there was < 10% variability in lung volume
at 25 cmH,0 airway pressure. The last P-V curve was taken to be the
final air P-V curve.

Lung water measurements. As alveolar washes were obtained in the
lungs in which Py, was measured, an additional fetus from each litter
was used for lung water measurements. Lungs were air inflated for com-
pliance measurements, after which they were excised, weighed, dried in
an oven at 70-80°C for 72 h, and weighed again. Lung wet weight to
dry weight ratio was calculated.

Alveolar liquid pressure (Pyg;s) measurement. After compliance
measurements, the lungs were evacuated of air (by aspiration of residual
air with a syringe attached to the tracheal catheter) and inflated in a
stepwise manner to 5, 10, 15, 20, and 25 cmH,0 airway pressure and
deflated by 5 cmH,0 decrements to 5 cmH,O airway pressure (pleural
pressure being atmospheric). At each airway pressure, the lungs were
kept steadily inflated and P9 measurements were obtained in triplicate.
Piiquia Was measured by micropuncture using the micropipette Servonull
pressure measuring system (16, 17). Only air-filled alveoli were selected
for micropuncture. Briefly, a small pool of normal saline (< 1 mm in
depth) was placed on any suitable lung surface that was superior and
slightly concave (usually the diaphragmatic surface of either lung). No
external stabilizing device was used as the lungs are delicate and easily
damaged. A continuous micro-drip system maintained the saline pool
on the lung surface. Micropipettes were constructed from glass tubing
using a pipette puller (vertical pipette puller model 700D, David Kopf
Instruments, Tujunga, CA) and beveled the tip to a diameter ranging
between 2 and 3 um (diamond abrasive plate, David Kopf Instruments).
The pipette was filled with 1.2 molar saline and connected hydraulically
and electrically to the Servonull pressure measuring system (model 4A,
Instruments for Physiology and Medicine, San Diego, CA). Using a light
source (Intralux 5000, American Volpi Corp., Auburn, GA) and a ste-
reomicroscope (Carl Zeiss, Inc., Thornwood, NY), I examined subpleural
alveoli under 102 X magnification. Under direct observation the pipette
was positioned above the pleural surface in the saline pool to establish
the zero reference pressure (atmospheric). The pipette was then advanced
to penetrate the pleural surface, which resulted in a large off-scale pressure
transient, and on further advancement the pipette tip came in contact
with air in the alveolus and the electrical circuit was interrupted. The
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pipette was then gradually withdrawn until the tip was in contact with
the alveolar liquid phase and a pressure recording was obtained. In ac-
cordance with the principles of the Servonull pressure measuring system,
a pressure recording is obtained only when the pipette tip lies freely in
liquid. All alveolar liquid pressure measurements had to fulfill the fol-
lowing criteria: (@) a stable pressure recording for at least 1 min; (b) no
changes in pressure associated with slight adjustmeént of the gain in the
Servonull system (an indication that the pipette was in a free liquid
pool); (c) pressute transients obtained on entering and exiting the pleura;
(d) reproducible zero reference immediately before and immediately
after the alveolar liquid pressure measurement.

In each lung, dye was injected into the alveolus at least once, to ascertain
the intraalveolar position of the pipette tip. 45-60 min were required to
complete all Pyq,q measurements in one lung.

Analysis of alveolar wash. Alveolar surfactant was recovered from
each lung by five saline lavages of 1 ml each. Each time the saline was
reinfused for a total of three times and withdrawn. Recovery of saline
was 80-90%. The lavage fluid of each lung was stored at —20°C for later
analysis. Total lipids from alveolar wash of each lung was extracted with
a mixture of chloroform and methanol (18) and expressed as milligrams
per gram wet lung. Next, lipids from mature and immature lungs were
pooled separately to determine the composition of phospholipids by two
dimensional silica gel thin-layer chromatography (19). After separation
of phospholipids, the phosphatidylcholine spot was used for phosphate
analysis according to Bartlett (20). Saturated phosphatidylcholine was
measured according to Mason and co-workers (21).

Airspace dimensions and alveolar surface area. After lung compliance
measurements the lungs were rapidly frozen in liquid nitrogen at an
airway pressure of 25 cmH,O, fixed and dehydrated at —70°C by freeze
substitution (22) and 4-um thick sections cut and stained with hema-
toxylin and eosin.

To estimate mean alveolar size and total alveolar surface area, we
used a modification of the method described by Weibel (23). A microscope
eye piece reticule with grid was used. The 11 horizontal lines of the grid
were calibrated with a stage micrometer. The grid was optically super-
imposed on the histologic sections and the number of intersections of
the horizontal lines with alveolar walls was counted. This was done 10
times on each of five sections from each lung. The mean linear intercept
(L.,) was calculated according to the equation

L.=N.L/ i mi,

i=1

where N is the total number of lines counted, L the length of each line.
N.L. for each section was 110 mm. An independent observer, blinded
to the lung sections, repeated the morphometric measurements, and ob-
tained similar results. Total alveolar surface area Syt was calculated from
the equation Sa1 = 4+ V/L,,, where V is the total volume of the respiratory
portion of the lung, which we estimated to be 90% of total lung volume
V1 at 25 cmH,0 airway pressure.

Surfactant replacement studies. Six pairs of fetuses from six litters
were studied at 27 d gestation. One fetus served as control and its litter-
mate received surfactant replacement. Natural rabbit surfactant was iso-
lated from alveolar wash of adult rabbits by a series of simple centrifu-
gation steps (24) and the quantity of surfactant lipid was estimated by
weighing with a Cahn electrobalance (Cahn Instruments Div., Ventron
Corp., Cerritos, CA) the dried chloroform and methanol extract of an
aliquot of the surfactant suspension (25). The fetuses received 0.75 mg
surfactant lipid in 0.1 ml saline and control fetuses received 0.1 ml saline.
After lung compliance and Pjquq measurements, four of the surfactant
treated lungs were frozen in liquid nitrogen at 25 cmH,O pressure for
subsequent morphometric measurements.

Data analysis. All numbers reported are mean values+SD. Com-
parison among lungs in each group was done by an analysis of variance
with Tukey’s multiple comparison procedure (26). Comparison between
surfactant treated and control 27-d fetuses was done by an unpaired ¢
test. We accepted a P value of < 0.05 as indicative of a significant dif-
ference.



Table I. Body and Lung Weights and Lung Water Content of Fetal Rabbits

31

28 28 27

Gestational age (d) mature mature immature immature

Number 9 7 6 8

Body weight (g) 51.9+7.2 44.41+6.5 37.2+2.9 33.5+2.4

Lung weight (g) 1.16+0.14 1.11£0.07 1.02+0.06 1.06+0.1

Lung wet wt/dry wt 7.2+0.88 7.8+0.19 8.8+14 8.4+1.3
Results significant difference between 31 d and 28 d mature lungs nor

Lung water content. Mean values for body weight of fetuses, for
the wet weight of their lungs and for the lung wet weight to dry
weight ratio are shown in Table I. There was no significant dif-
ference among fetuses of different gestational ages in the wet
weight of lungs or the lung wet weight to dry weight ratio.

Lung compliance. Initial air P-V curves for all lungs are
shown in Fig. 1. Separation of 28 d gestation rabbit lungs into
mature and immature groups was done after obtaining the final
air P-V curve. The lung volumes at 25 cmH,O airway pressure
before and after the period of condjtioning, for all 28 d gestation
rabbit lungs are shown in Table II. Lungs 1-6 were categorized
as immature and lungs 7-13 as mature.

The final air P-V curve of the lungs demonstrated large
differences among groups (Fig. 2 A). Statistical comparison
among groups was done for final volume of air at airway pres-
sures (P,irway) 25, deflation 10 and deflation 0 cmH;O. The vol-
ume of air was significantly (P < 0.01) greater in 31 d and 28 d
mature rabbit lungs than in 28 d immature and 27 d rabbit
lungs, at the three airway pressures examined. There was no

between 28 d immature and 27 d lungs. The volume of air,
expressed as % TLC (TLC = volume at 25 cmH,0 airway pres-
sure) was significantly greater in mature than immature lungs
at deflation 10, 5, and 0 cmH,O airway pressure (Fig. 2 B).

Alveolar wash lipid content. Lipid weight recovered by al-
veolar wash per gram wet lung was significantly greater (P < 0.01)
in the 31 d mature lungs than in all other lungs, which did not
differ significantly among each other (Table III). Since some of
the 28 d rabbit lungs displayed mature pressure volume behavior,
whereas others did not, the relationship of the total lipid per
gram wet lung and the volume of air at Py 25, deflation 10
and deflation 5 cmH,O for all 28 d rabbit lungs was examined.
It was found that all lungs that had > 0.1 mg of lipid per gram
wet lung recovered in the alveolar wash had a greater volume
of air at the three airway pressures than those that had < 0.1
mg of lipid per gram wet lung. If the data for 31 and 28 d mature
lungs are combined, mature lungs were noted to have a signif-
icantly _greatef amount of lipid per gram wet lung than immature
lungs (0.49+0.30 vs. 0.05+0.01 mg) (P < 0.01).

Piiquia measurements. Once the pipette tip is in the alveolar
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Figure 1. Initial air pressure volume curves of lungs of fetal rabbits at
different gestational ages. Data points represent mean values+SD. *P
< 0.01, different from all other groups. **P < 0.05, different from 28
d immature and 27 d lungs. ***P < 0.05, different from 27 d lungs.

28 d immature and mature lungs were not found to differ significantly
at the three lung volumes tested, i.e., vol at 35 cmH,0, deflation 10
and 0 cmH,0 airway pressure (P > 0.1).
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Table II. Effect of Conditioning on Lung Volume (ml) at 25 cmH,0 Airway

Pressure in 28 d Gestation Rabbit Lungs from Different Litters

No.

1 2 3 4 5 6 7 8 9 10 11 12 13
Before conditioning 0.12 0.10 0.14 0.12 0.20 0.09 0.14 0.18 0.12 0.22 0.13 0.21 0.11
After conditioning 0.45 0.30 0.52 0.32 0.48 0.65 1.48 1.64 1.80 1.52 20 1.75 1.28

liquid phase, the resultant pressure tracing is very steady as long
as the lung preparation is kept motionless (Fig. 3). Stable pressure
measurements were obtained for as long as 5 min on occasion.
Piiquia measurements obtained in several air-filled alveoli in the
same lung at each Py, were always within 0.5 cm of each

Volume of Air (ml)

other. Fig. 4 depicts alveolar liquid pressure (Pjquia) relative to
pleural pressure (Ppieyca) at different Pyipuqy , both during inflation
and deflation. P4 was always lower than alveolar gas pressure
in all lungs. Pyquiq relative to Py increased with an increase
in Puinvay in mature lungs, however, in immature lungs Pjgyia

*
.IZBd MATURE

e

2p31d  MATURE
:/

o/

o

e ® -

100

Lung Volume (% of TLC)

4 f 1

10 15 20 25

Airway Pressure (cm H20)

Figure 2. (A) Final air pressure volume curves of lungs of fetal rabbits
at different gestational ages. All 31 d (n = 9) and 7 of the 28 d gesta-
tion rabbit lungs had mature P-V curves, whereas all 27 d (n = 8) and
6 of the 28 d gestation rabbit lungs (from different litters) had imma-
ture P-V curves. Data points represent mean values+SD. *P < 0.05.
(B) Final air pressure volume curve of the same four groups of lungs.
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Lung volume expressed as percentage of total lung capacity (TLC).
Volume of air at 25 cmH,0 is 100% TLC for each group. Volume of
air (% TLC) retained in lungs at deflation 10, 5, and 0 cmH,O airway
pressure was significantly greater in mature than in immature lungs.
*P < 0.05.



Table III. Amount and Composition of Alveolar Wash Lipid from Lungs of Fetal Rabbits

31 28 28 27
Gestational age (d) mature mature immature immature
Number 9 7 6 8
Lipid per g wet lung (mg) 0.72+0.2* 0.19+0.01 0.05+0.01 0.05+0.02
Phosphatidylcholine (%) of total lavage lipid 17 16 9 7
Composition (%) of phospholipids
Phosphatidylcholine 80.5 76.3 70.3 70.0
Saturated 29.7 254 234 242
Unsaturated 50.7 50.9 46.9 52.0
Phosphatidylinositol 79 13.5 10.0 6.2
Phosphatidylglycerol 3.7 — — —
Sphingomyelin 1.1 1.1 11.3 16.2
Phosphatidylethanolamine 40 6.9 8.4 7.7
Other 2.7 2.2 — —

* P < 0.01, different from all other groups.

relative to Ppeura did not change significantly with an increase
in P, airway -

Piiquia Was significantly (P < 0.01) greater in the 31 d and 28
d mature rabbit lungs than in the 28 d immature and 27 d rabbit
lungs, at comparable airway pressures (statistical comparisons
were made at maximum inflation pressure, i.e., 25 cmH,0 and
deflation 10 and 5 cmH,0).

The difference in Pgirway and Pyguiq, Which is the measured
pressure drop across the alveolar air liquid interface, was greater
in immature lungs than in mature lungs at comparable airway
pressures.

Fig. 5 shows representative sections of lungs of all gestational
ages. The mean linear intercept, which is a measure of airspace
dimensions in the lung, was similar in all lungs (Table IV).

Surfactant replacement studies. 27 d surfactant-treated lungs
displayed air P-V curves similar to mature lungs and very dif-
ferent from control saline-treated rabbits at 27 d (Fig. 6). Alveolar
liquid pressure relative to pleural pressure in the surfactant
treated lungs was significantly greater (P < 0.01) than in the
control saline treated lungs, at comparable airway pressures (Fig.

30
Pressure Airway
Pressure
(cm H,0)
20
Alveolar
Liguid
Pressure
10—
_/J 1 L 1
0 30 €0 90 120

Seconds

Figure 3. Example of alveolar liquid pressure tracing obtained by mi-
cropuncture in a fetal rabbit lung inflated with air to 25 cmH,O pres-
sure. Zero reference pressure is obtained before and after the pres-
sure measurement; two pressure transients occur when pipette enters
and exits the pleura, and a stable pressure measurement is obtained

for 1 min.

7). Lung compliance and alveolar liquid pressure measurements
in the surfactant-treated lungs were comparable with that of 31
d and 28 d mature rabbit lungs. Morphometric measurements
of lung airspace dimensions revealed no significant difference
in the mean linear intercept between the surfactant treated and
control saline treated 27 d rabbit lungs (Fig. 8) (41.7+5.6 um
and 41.1+2.8 um). However, after surfactant replacement, the
total surface area at 25 cmH,O airway pressure increased mark-
edly, approaching that of the 31 d and 28 d mature lungs
(Table IV).

Continuity of alveolar and airway’s gas in immature lungs.
In all lungs, alveolar and tracheal gas pressures were identical
at 15, 20, and 25 cmH,O airway pressure. At 5 and 10 cmH,O
airway pressure, in separate measurements in four to five airfilled
alveoli per lung, alveolar gas pressure was close to (within 0.5
cmH,0) airway gas pressure in > 50% of the alveoli punctured.

Discussion

Alveolar liquid pressure measurements. Our conclusions are
based upon direct alveolar liquid pressure measurements ob-
tained by micropuncture. Hence, the validity of these measure-
ments should be established. In accordance with the principles
of the Servonull pressure measuring technique, pressure mea-
surements are obtained only when the pipette tip lies freely in
a liquid phase (27). Proof that the pipette tip was in the alveolar
lumen was by direct observation. The pipette tip punctured the
pleura overlying an air-filled alveolus, after which the tip was
advanced until it came in contact with air (the electrical circuit
was broken at this time). By slowly withdrawing the pipette until
the tip came in contact with liquid and a pressure measurement
was obtained, we could be certain that the pipette tip was in the
alveolar liquid lining. Filling of the alveolar lumen with injection
of the dyed saline confirmed the intraalveolar position of the
pipette tip. It is unlikely that the tip was in the pericapillary
interstitium since the pipette tips are fairly large (2-3 pm) in
comparison with the pericapillary interstitium.

Airtrapping occurs in excised lungs with abnormal alveolar
surface tension (28, 29), which raises the question whether air

Alveolar Liquid Pressure in Lungs of Fetal Rabbits 1583
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Figure 4. Alveolar liquid pressure (rela-
tive to pleural pressure which is atmo-
spheric) plotted against airway pressure,
both during inflation and deflation. Al-
veolar liquid pressure (Pjqyq) is lower
than airway pressure (Pyirway) in all
lungs; Pyquiq is significantly lower in im-
mature lungs than in mature lungs at
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in the punctured alveoli was in continuity with tracheal air.
Though there is a greater tendency for collapse of small peripheral
airways with distal air trapping in immature, surfactant-deficient
lungs (28), the application of positive end expiratory pressure

¢ 28d-mature

— is lower during inflation than during de-
flation at the same P,y Data points
represent mean values+SD. *P < 0.05.

ought to prevent this, especially at transpulmonary pressures
> 10 cmH,0 (29). This was confirmed by our simultaneous
measurements of alveolar and airway’s gas pressure in immature
lungs.

d 31d-mature

Figure 5. Representative sections of lungs of fetal rabbits at different gestational ages, fixed at 25 cmH,O airway pressures. The mean linear inter-

cept was similar in all lungs and averaged 41+2.4 um.
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Table IV. Alveolar Size and Surface Area in Lungs of Fetal Rabbits

31 28 28 27 27
Gestational age (d) Mature Mature Immature Immature Surfactant treated
No. of lungs 3 3 3 3 4
No. of measurements 50 50 50 50 50
Mean linear intercept (um) 40.1+£2.6 44.2+2.0 40.4+1.7 41.1+2.8 41.7+5.6
Surface area (cm?) at 25 cmH,O airway pressure 1,395+62 1,494+50 378+16 153+23 1,089+42

Piqui« measurements (relative to pleural pressure) in im-
mature lungs was relatively constant at transpulmonary pressures
between 5 and 25 cmH,0. Piq,iq Was significantly lower in im-
mature lungs than in mature lungs at comparable airway pres-
sures. When Pyq,;q is subtracted from Pyirway the pressure drop
across the alveolar air liquid interface is obtained. At an airway
pressure of 25 cmH;0, Pyirway — Pliquia Was 22.5+0.8 cmH,0 in
immature lungs, whereas it was only 16.5+0.7 cmH,0 in the
mature lungs, i.e., the pressure drop across the air liquid interface
was considerably greater in immature than in mature lungs.

According to the Laplace equation,

2T
Puirway — Piiquia = R’

i.e., the pressure drop across the air liquid interface is related to
the radius of curvature of the air liquid interface (R) and the
surface tension at that interface (7'). The number and size of
alveoli increases only after birth in most species including the
rabbit (30, 31), however, to be certain that the differences in
Piiquia measurements were not due to differences in the radius
of curvature of the air liquid interface, we determined the mean
linear intercept (L,,) of the airspaces at a transpulmonary pres-
sure of 25 cmH,0, in mature and immature lungs. The mean
linear intercept is a measure of airspace dimensions in the lungs
(32), and is some value between the true mean diameter and
the radius of all the air-filled spaces in the lung. L, was similar
in all lungs, suggesting that the increased pressure drop across
the air liquid interface in the immature lungs was probably not

1.4+
1.2+ _.—Izn - SURFACTANT
L _____ ’ TREATED

0.8 - /
,’/ ’

- ’

'

Volume of Air (ml)

o o
> o
1 1
Q——{%
\
N\
~.

27d- CONTROL
0.2

Airway Pressure (cm H20)

Figure 6. Final air pressure volume curves of lungs of 27 d gestation
fetal rabbits, control and surfactant treated. Volume of air was sig-
nificantly greater in surfactant-treated lungs than in control lungs at
comparable airway pressures. Data points are mean values+SD.

*P <0.05.

due to a difference in the curvature of the interface, but perhaps
due to increased surface tension at the alveolar air liquid inter-
face.

Increased lung water content may affect Pjq,q at high trans-
pulmonary pressures (16). Though others have reported a higher
lung water content in liquid-filled lungs of preterm as compared
with term rabbits (33), in our experiments the water content of
the air inflated mature and immature lungs were comparable
(Table I).

As alveolar surface tension is thought to vary with alveolar
surface area and therefore lung volume (34), we plotted alveolar
liquid pressure (Pjquia) versus lung volume expressed as % TLC
during deflation for the four groups of lungs (Fig. 9). At com-
parable lung volumes expressed as % TLC, Pyq,iq Was significantly
lower in immature lungs than in mature lungs. This means that
the pressure drop across the air liquid interface, was greater in
immature lungs than in mature lungs, suggesting that alveolar
surface tension was greater in the immature lungs.

A relative surfactant deficiency (Table II) may have resulted
in an increased alveolar surface tension in immature lungs. The
lipids recovered by alveolar wash include the complex phos-
pholipids that comprise surfactant. The composition of phos-
pholipids did not permit us to differentiate between immature
and mature lungs; however, the absolute amount of lung lavage
phosphatidylcholine increased almost 30-fold from 27 d to 31
d gestation. The percentage of saturated phosphatidylcholine
showed a tendency to increase whereas other phospholipids such
as sphingomyelin and phosphatidylethanolamine decreased with
gestational age. All lungs that had mature P-V curves had > 0.1
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Alveolar Liquid Pressure (cm H20)

Airway Pressure (cm H20)

Figure 7. Alveolar liquid pressure (relative to pleural pressure which is
atmospheric) plotted against airway pressure, both during inflation
and deflation, in lungs of 27 d gestation fetal rabbits; control and sur-
factant treated. Pyqq is lower in control than in surfactant treated
lungs at comparable airway pressures. Data points are mean val-
uesxSD. *P < 0.05.
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of surfactant is necessary for lungs to be functionally mature.
Surfactant replacement in 27 d gestation fetal rabbit lungs re-
sulted in P-V curves and Pyq,q pressure measurements similar
to that in mature lungs indicating that surfactant deficiency was
the cause of lower alveolar liquid pressures.

In immature lungs, because of a relative surfactant deficiency,
the effect of changing alveolar surface area on surface tension is
probably small, and the changes in alveolar curvature with lung
volume will also be small. (Alveolar curvature changes as the
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Figure 9. Alveolar liquid pressure (Pjq,q) relative to pleural pressure
which is atmospheric, plotted against deflation lung volume (expressed
as % TLC). At comparable lung volumes, Pjq,q Was significantly lower
in immature lungs than in mature lungs. *P < 0.01.
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Figure 8. Representative sections of lungs
of 27 d gestation fetal rabbits; control and
surfactant treated. Mean linear intercept
was similar in both lungs (40.4+5.7 um).

negative cube root function of airspace volume [35].) Thus, with
increasing airway pressure, the pressure drop across the airliquid
interface ought to change little. However, as seen in Fig. 10, it
was found that the pressure drop increased linearly with increases
in airway pressure in immature lungs. On the other hand, in
mature lungs, the pressure drop increased nonlinearly and was
greater during inflation than during deflation, consistent with
the behavior of a surfactant containing surface film. In the im-
mature lungs, the data would imply that all increases in trans-
pulmonary pressure are borne by the air/liquid interface. By the

N
o
J

27d IMMATURE

n
o
|

,,T 31d MATURE
S ld

’

'd

7

- 2’

Airway Pressure minus
Alveolar Liquid Pressure (cm H0)

15
Airway Pressure (cm Hp0)
Figure 10. Pressure drop across air liquid interface (Pyirway — Piiquia)
plotted against airway pressure for 27 d immature and 31 d mature
lungs. In immature lungs, the pressure drop increases linearly with in-
creases in airway pressure. In mature lungs, the pressure drop in-
creases nonlinearly with increases in airway pressure and is greater
during inflation than during deflation.



Laplace relationship, there are two possibilities by which an in-
crease in transpulmonary pressure would result in an increase
in interfacial pressure drop; an increase in interfacial surface
tension and/or a decrease in the radius of curvature of the air/
liquid interface. The first is unlikely as a surfactant deficient air/
liquid interface will have a constant surface tension. Only a sur-
factant containing surface film will demonstrate hysteresis, i.e.,
surface tension will increase with an increase in surface area and
vice versa (34). However, the radius of curvature of the air/
liquid interface could decrease with inflation if the interface was
pushed away from large structures into progressively smaller
structures in the periphery of the lung. This is probably the most
likely explanation for our findings.

An alternate explanation for the almost constant alveolar
liquid pressure in the immature lung in the face of increasing
airway pressure might be that the alveolar gas pressure in the
units that were micropunctured was constant due to closure of
small airways and gas trapping. The data from simultaneous
measurements of alveolar and tracheal gas pressures in immature
lungs indicate that airway closure may have occurred at airway
pressures < 15 cmH,0, but not at the higher airway pressures.

There are no simple explanations for the paradoxical nature
of the findings in the immature lungs. The experimental data
however, clearly demonstrate that in immature lungs, with in-
creases in transpulmonary pressure there is an increase in the
pressure drop across the air-liquid interface with little change in
absolute lung volume or alveolar liquid pressure. This finding
is associated with a relative surfactant deficiency in the immature
lungs and can be corrected with surfactant replacement. If al-
veolar liquid pressure represents pericapillary interstitial liquid
pressure (8, 9) then the data indicate that the magnitude of per-
icapillary interstitial liquid pressure is primarily influenced by
lung volume.

In the immature lungs, the lower pericapillary interstitial
liquid pressure will result in an increased hydrostatic pressure
gradient across the alveolar wall capillary for fluid filtration. Fil-
tered fluid from the capillary will first collect in the interstitium
and once the interstitial compartment is full, alveolar flooding
will occur (36). In the first few hours of life, as the newborn
clears liquid from the airspaces of the lungs, the interstitial com-
partment is already filled with liquid (37), so that any increase
in transvascular filtration of fluid will result in the early onset
of alveolar flooding. Though this describes one mechanism for
the higher lung water content that has been observed in immature
infants with surfactant deficiency (1), these infants eventually
develop pulmonary edema that is characterized by hyaline
membranes composed of a mixture of fibrin and other protein
from the plasma (38), suggesting an increased permeability of
the alveolar capillary barrier. Inactivation of surfactant by the
alveolar edema fluid due to the presence of a surfactant inhibitor
protein (39) with further atelectasis and hypoxia; stretching and
damage of alveolar bronchiolar epithelium by artificial venti-
lation (40), or by the influx of polymorphonuclear leukocytes
with oxidative injury of the alveolar capillary endothelium and
epithelium (41) may all contribute to increased permeability
pulmonary edema.
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